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A B S T R A C T   

In search of exploiting cost-effective, highly stable, efficient, and greatly active electrocatalysts for hydrogen evolution reaction (HER), molybdenum disulfide- 
graphene heterostructures (MoS2/graphene) are promising, in contrast to noble metals. We used density functional theory (DFT) to examine the changes in the 
electronic structure of MoS2/graphene under compressive strain for structural defects in the MoS2 and graphene layers, as well as from hydration of the MoS2 layer. 
In the pristine MoS2/graphene heterostructure, a small bandgap (minigap) is opened at the graphene Dirac point, which is located above the Fermi energy, for dry 
and hydrated configurations. The presence of sulfur and carbon vacancies in the MoS2/graphene upshifts the Dirac point and widens the minigap. However, 
additional sulfur vacancies further widen or shrink the minigap depending on the location of the MoS2 conduction band bottom and the presence of defect bands at 
the Dirac point. The minigap tunability in the MoS2/graphene heterostructure could be engineered for producing efficient HER electrocatalysts and beyond. The 
Quantum Theory of Atoms in Molecules (QTAIM) reveals S–C bond critical points, which correspond to van der Waals forces interactions in agreement with the Non- 
covalent Interaction (NCI) analysis. A correlation is drawn between the minigap and the electron density at the S–C bond critical points.   

1. Introduction 

Growing electrical energy demand in daily life associated with rapid 
consumption of conventional fossil fuels has pressed for exploring 
alternative clean and sustainable energy sources. In general, green en
ergy industry uses energy produced from various renewable sources 
including solar, wind, geothermal, and water electrolysis [1]. The 
environmentally friendly electrochemical water splitting (EWS) has 
been widely researched as an advanced energy conversion technology to 
produce clean and renewable hydrogen (H2) fuel, by coupling with other 
renewable energy sources, such as the solar-driven photo
electrochemical (PEC) approach [2]. Hydrogen extraction requires the 
use of an efficient hydrogen evolution reaction (HER) catalyst, such as 
platinum and palladium-based alloys [3–5]. However, these precious 
metals are expensive and leads to poisoning, which calls for ongoing 
search for earth-abundant and inexpensive alternative electrocatalysts 
beyond noble metals. Therefore, despite numerous advantages, the 
practical application of hydrogen production by EWS method has been 
greatly hindered by the limitations of highly efficient electrocatalysts 
and photocatalysts (i.e., photo-assisted electrocatalyst). 

In the quest of promising electrocatalysts and photocatalysts, tran
sition metal dichalcogenides (TMDs) and transition metal phosphides 
(TMPs) have attracted broad interests owing to their abundant merits 
including natural abundance, high electron conductivity, promising 
catalytic activity, and stability [6,7]. Molybdenum disulfide (MoS2) is a 
classic two-dimensional layered material within the family of TMDs, 
which among its other uses, such as serving as an optoelectronic device 
[8,9], it can be also used as an HER catalyst of high efficiency [10] thus, 
replacing expensive noble metal-based alloys. The MoS2 monolayer can 
be extracted from the MoS2 bulk via mechanical exfoliation [11,12] or 
from flakes [13]. The MoS2 monolayer, in its trigonal prismatic (2H) 
configuration (2H-MoS2), is a direct bandgap semiconductor of 1.8 eV 
[14]. It has several favorable properties relevant for HER due to the 
presence of sulfurized or sulfur containing (S) electroactive sites on Mo 
edges [15] and at intrinsic point defects (or extrinsic created by either 
electrochemical desulfurization or low power oxygen plasma) associ
ated with sulfur [16] or occasionally Mo atoms [17]. The presence of S 
defects introduces defect states within the band structure and thus, mid- 
gaps in the energy region around the Fermi energy for the 2H-MoS2. Li 
et al. found that as hydrogen is adsorbed on the S defect site, its Gibbs 
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free energy is lowered due to the presence of the defect states, thus 
assisting H2 release [18]. Therefore, electronic band structure and mo
lecular “orbital engineering” of electrode surfaces under electro
chemical environment or electrified interfaces could be used to select 
the appropriate 2H-MoS2 defect configuration for a high efficiency 2H- 
MoS2 HER catalyst. The strain of the MoS2 basal plane further enhances 
the MoS2 catalytic efficiency, by altering the MoS2 band structure and 
electron density distribution [19]. 

The defect-free basal planes of 2D layers are catalytically inactive 
[20]. However, catalytic activity on the formerly inert basal planes has 
been reported for the MoS2 monolayer and reduced graphene oxide 
(rGO) heterostructure [20]. Biroju et al. showed that pristine graphene 
on top of a few layered stacked MoS2 van der Waals heterostructure 
exhibited higher catalytic activity compared to the activity of individual 
layers or other stacked heterostructure configurations [21]. 

The “stacking sequence” that leads to the optimal HER hetero
structures is not completely understood yet. Biroju et al. explored the 
“stacking sequence” for pristine MoS2 monolayers and graphene using 
density functional theory (DFT) and found that placing graphene on top 
of a pristine MoS2 monolayer leads to the highest photoresponse and the 
lowest charge-transfer resistance toward HER [22]. Additionally, the 
electrocatalytic activity of the MoS2 can be enhanced by increasing its 
conductivity through the addition of a defective graphene layer under
neath [16]. The combination of the chemically inert graphene with 
MoS2 in a single electrode as heterostructure provides better electron 
conduction and ion transportation, thus offering new opportunities and 
rationales to improve the performance of energy devices. The MoS2/ 
graphene heterostructure is also found in a variety of applications, such 
as electronic logic and memory devices [23], photodetectors [24,25], 
spintronics [26], and energy storage devices [27]. These hetero
structures can be fabricated by the bottom-up chemical vapor deposition 
of MoS2 on a graphene or dry transfer methods [28]. The electronic band 
structure of the MoS2/graphene heterostructure shows the presence of a 
small bandgap (minigap-ΔE) at the graphene Dirac point (ED), due to the 
hybridization of the graphene C-pz bands with the Mo-d conduction 
band bottom [29]. Electronic structure methods based on DFT combine 
numerical efficiency with satisfactory accuracy, while predicting elec
trode behavior at the most fundamental level, which helps in designing 
the electrodes for electrocatalysis. In this work, we use extensive DFT 
calculations to examine the effects of S and C vacancies and hydration, 
while simulating the electrochemical environment on the electronic 
band structure of the MoS2/graphene heterostructure. Specifically, we 
will examine how the Dirac point shifts due to vacancies and hydration 
are correlated with the width of minigap in the vicinity of the Dirac 
point. Moreover, we use Quantum Theory of Atoms in Molecules 
(QTAIM) [30,31] and Non-covalent Interaction (NCI) analyses to 
elucidate the MoS2/graphene behavior in dry and hydrated conditions 
[32].The MoS2/graphene heterostructure is both an electrocatalyst and 
photocatalyst since MoS2 can absorb light in the visible region [21]. 

2. Computational methods 

2.1. Structure modeling and charge redistributions 

The pristine dry MoS2/graphene heterostructure under comprehen
sive strain is constructed by a 2H-MoS2 three-layer 4 × 4 lattice of 48 
atoms, with S atoms occupying the top and bottom layers and Mo atoms 
residing in the middle layer, overlayered on a 3 
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layer graphene (54 atoms). Fig. 1a, b show the unit cell of the pristine 
MoS2/graphene heterostructure, which contains 102 atoms. This 
supercell arrangement allows for lattice mismatch within the MoS2 and 
graphene, as expected by the presence of strain [29]. In our past work, 
we found that the interlayer spacings for all of these structures were 
between 3.13 and 3.17 Å [17], in agreement with Klimeš et. al., who 
used a 3:4 supercell arraignment [33]. The presence of strain is verified 

by the charge transfer from graphene to MoS2 (Fig. 1c) for all MoS2/ 
graphene configurations in this work (Fig. S1, S2, Supplementary Ma
terial). Defective MoS2/graphene heterostructures are built by consid
ering all combinations of single (VS) and non-adjacent double S 
vacancies (VS2) in the MoS2 with a single C vacancy (VC) in the graphene 
layer. Hydrated MoS2 surfaces contain the equivalent of three water 
molecules per unit cell (i.e., 0.1875 ML coverage; waters are placed on S 
layer away from graphene). 

Fig. 1c shows the charge redistributions for due to hydration Δ ρ( r→)

defined as 

Δρ( r→) = ρMoS2/graphene( r→) − ρMoS2
( r→) − ρgraphene( r→) (1) 

where ρMoS2/graphene( r→), ρMoS2
( r→), and ρgraphene( r→) are the charge 

density distributions in real space of the dry MoS2/graphene and the 
isolated MoS2 and graphene, respectively. The Δ ρ( r→) remaining con
figurations of this work can be found in the supplementary materials 
(Fig. S1 and S2). For hydrated configurations, Eq. (1) is expanded to 
include the additional term of -ρwaters( r→). 

The hydrogen adsorption energy Eads(H) is calculated as 

Eads(H) = E(MoS2/graphene-H) − E(MoS2/graphene) −
1
2

E(H2) (2) 

where E(MoS2/graphene-H) and E(MoS2/graphene) are the total en
ergies for the heterostructure with and without adsorbed H, respectively 
and E(H2) is the energy of the free H2. The Gibbs free energy ΔGH for the 
adsorbed hydrogen is given by 
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c

c
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dMo-S = 2.35 Å
dC-C = 1.40 Å 

Fig. 1. The DFT optimized dry pristine MoS2/graphene unit cell using the PBE0 
functional, as shown from two different orientations (a) side and (b) top. The 
thick black lines are the unit cell boundaries. Atoms are colored as follows: S, 
yellow; Mo, green; C: gray. Visualization is via Jmol. (c) Charge redistributions 
Δ ρ( r→) for MoS2/graphene with a single S and C vacancy per unit cell. Blue and 
magenta isospheres correspond to areas of charge accumulation and depletion, 
respectively. Maxima isodensity surfaces of 0.001 e/bohr3 are displayed. Black 
and red values refer to charge transferred per unit cell from graphene towards 
MoS2, using Mulliken and iterative Hirshfeld populations, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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ΔGH = Eads(H) + ΔGZPE − TΔSH (3) 

where ΔGZPE and ΔSH are the zero-point energy (ZPE) and entropy 
difference between the adsorbed and the gas phase states, respectively. 
The sum of these two terms is about 0.24 eV [34]. Thus, 

ΔGH ≅ Eads(H) + 0.24eV (4)  

2.2. DFT parameters 

The CRYSTAL17 [35] code is used to calculate the electronic prop
erties for dry and hydrated MoS2/graphene heterostructures with and 
without vacancies. The advantage of CRYSTAL is its treatment on two- 
dimensional slabs without the need of artificial periodicity perpendic
ular to the surface, which is typically found in other DFT codes [36]. We 
use two DFT functionals here: The PBE0 non-empirical/parameter-free 
functional [37,38] and the HSE06 screened hybrid functional of Heyd, 
Scuseria, and Ernzerhof, which provides band gaps in better agreement 
with experimental findings [39]. The use of two functionals allow us to 
examine if the electronic structures calculations results are systematic. 

All calculations are treated using the D3 semiempirical correction by 
Grimme [40], which improves the DFT functionals descriptions of the 
long-range electron correlations responsible for van der Waals in
teractions. The S, C, O, and H atoms are described by all-electron basis 
sets, which are optimized for crystalline calculations, whereas effective 
core potentials (ECP) are used for Mo atoms [41]. A 24 × 24 grid is used 
for densities of states (DOS) and the electronic band structures calcu
lations. The following path was used: M-Γ-Κ-M-Γ, with M (1/2, 0, 0), Γ 
(0, 0, 0), and Κ (1/3, 1/3, 0). Here, the Γ point of the supercell Brillouin 
zone (BZ) coincides with the K point of the unit cell BZ, and the ED is 
found at the Γ point of the supercell BZ. 

2.3. QTAIM and NCI parameters 

QTAIM provides information about the bonding type and strength 
between two atoms through the studies of topologies for the electron 
density (ρ( r→)) and its Laplacian (∇2ρ( r→)). The presence of a bond 
critical point is a necessary condition for bonding between two atoms. 
The bond critical points are linked with the corresponding nuclei via 

Fig. 2. Band structures for dry MoS2/graphene with and without S and C vacancies. Red solid horizontal lines are Fermi energies. Dashed green arrows show the 
MoS2 bandgaps and mid-gaps (Eg; bandgaps, (a) and (d); mid-gaps (b), (c), (e), and (f)). Minigaps (ΔE) and approximate Dirac points (ED) are shown with blue 
arrows. Values refer to HSE06 calculations. Inserts show the gap in the area around the ED. Orange horizontal bars show the MoS2 conduction band bottom. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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paths. The collection of these paths is the molecular graph [42]. In this 
work, we use QTAIM to examine the bond critical points, which appear 
between the S layer of the MoS2 and graphene (i.e., S–C bond critical 
points). QTAIM analyses are basis set and method independent, as long 
as a minimally adequate basis set is used [43]. The ρ( r→) topology is 
performed by the Multiwfn [44] program through the GAMESS program 
output [45] on a cluster extracted from the periodic layer. The NCI 
method is used to study weak interactions via calculation of the reduced 

density gradient (RDG) parameter (∝|∇ρ( r⇀)|

ρ( r⇀)
4/3) and plotting of the RDG 

map. QTAIM ρ( r→) at bond critical points and bandgaps have been 
correlated previously [46]. 

3. Results and discussion 

3.1. Electronic structure analysis 

Figs. 2 and 3 show the band structure for all MoS2/graphene 

configurations of this work for the HSE06 calculations. The corre
sponding PBE0 calculations can be found in the electronic supplemen
tary material (Fig. S3 and S4). The calculated band structure with the 
PBE0 functional provides larger MoS2 bandgaps relative to the HSE06 
calculations, as expected [47]. However, we also observed some minor 
changes in the band structure around the Dirac point between these two 
calculations and are related to the location of the defect states (vide 
infra). Fig. 4 shows the densities of states calculations (DOS) for the dry 
configurations of this work, whereas the hydrated counterparts can be 
found in the supplementary material (Fig. S5). 

3.1.1. Dry pristine MoS2/graphene heterostructures 
We begin our analysis by examining the changes in the graphene 

electronic structure due to the presence of the MoS2 monolayer, when 
both MoS2 and graphene are pristine and dry. In the pristine MoS2/ 
graphene case, the Dirac point appears above the Fermi energy (EF) at 
about 0.22 eV and 0.14 eV for HSE and PBE0 calculations, respectively 
and these upshifts are due to the MoS2 and graphene lattice mismatches. 

Fig. 3. Band structures for hydrated MoS2/graphene with and without S and C vacancies. Red solid horizontal lines are Fermi energies. Dashed green arrows show 
the MoS2 bandgaps and mid-gaps (Eg; bandgaps, (a) and (d); mid-gaps (b), (c), (e), and (f)). Minigaps (ΔE) and approximate Dirac points (ED) are shown with blue 
arrows. Values refer to HSE06 calculations. Inserts show the gap in the area around the ED. Orange horizontal bars show the MoS2 conduction band bottom. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The observed minigaps in the vicinity of the ED (see Figs. 2 and 3 and 
Figs. S3 and S4) are of the order of meV, for all configurations in this 
work (<1 meV for pristine MoS2/graphene). The DOS show that for 
pristine MoS2/graphene the top of its valance band contains S-3p and 
Mo-4d orbitals, whereas in the MoS2 conduction band bottom the Mo- 
d dominates, in a similar fashion as for the corresponding bands of the 
isolated 2H-MoS2 case (Fig. 4, S5). For all dry configurations of this 
work, the MoS2 conduction band bottom upshifts along with the VS in
creases (Fig. 2, S2). Additional calculations show that for the dry pristine 
case, the highest occupied crystalline orbital (HOCO) at the Γ point of 
the supercell BZ is C-pz and the lowest unoccupied crystalline orbital 
(LUCO) is Mo-dxy and dx

2
-y

2. The presence of graphene also alters the 
MoS2 electronic structure by changing the MoS2 bandgap from direct in 
the isolated 2H-MoS2 to indirect, in agreement with previous reports 
[29]. 

3.1.2. Dry defect MoS2/graphene heterostructures 
We now turn our focus for the case of MoS2/graphene hetero

structure with VS and VS2 at the S layer away from the graphene layer. 
The presence of VS and VS2 introduce defect bands in the MoS2/graphene 
band structure and in turn mid-gaps (i.e., energy gaps between defect 
states). There is an inverse relationship between the MoS2 mid-gaps and 
the number of S vacancies for both dry and hydrated configurations. The 
band structure calculations show that MoS2 mid-gaps appear at their 
lowest values for the heterostructure configurations under VS2 (Figs. 2 
and 3, Figs. S3, S4). Similar information is revealed by the DOS calcu
lations (Fig. S5). 

In the VS case, for dry MoS2, additional almost flat degenerate defect 

bands appear in the vicinity of the Dirac point, whereas in the VS2 case 
defect bands appear above and below the Dirac point. We found that all 
defect configurations have larger minigaps than their pristine counter
parts due to C-pz hybridization with Mo-d defect states (flat bands). 
However, increased S vacancies do not always lead to larger minigaps. 
Moreover, for defect configurations shorter distances between MoS2 and 
graphene do not always increase the minigap, in a sticking contrast with 
past reports, which refer to pristine monolayers [29]. For example, 
comparing dry MoS2/graphene between VS and VS2 we found that the 
minigap is decreased as the number of S vacancies are increasing, 
concomitant with the decrease of the MoS2-graphene distance. This is 
due to the weaker mixing of the C-pz with the MoS2 defect states, which 
contain d orbitals of Mo atoms around the defect, since in the VS2 case, 
these states are more distant in energy from the ED relative to the VS case 
(Fig. 2, S2). The C defect causes a bandgap opening at the ED, which is 
also observed for isolated graphene. Thus, the dry heterostructures with 
C vacancies have minigaps that are substantially larger than their pris
tine counterparts and this statement also applies to the hydrated cases 
except for the hydrated VS2 configuration under the PBE0 calculation 
(Fig. S4f). 

3.1.3. Hydrated MoS2/graphene heterostructures 
The interaction of water molecules with pristine MoS2 is weak [48], 

whereas water is dissociated, when is adsorbed at S defect locations 
[47]. Specifically, the hydration effect on defect MoS2 is associated with 
one out of three waters in the unit cell to be dissociated at the vacancy 
site, leading to strong OH adsorption on the Mo site. Hydration slightly 
decreases the charge transfer between MoS2 and graphene (Fig. S2) and 

Fig. 4. DOS for dry MoS2/graphene with and without S and C vacancies under the PBE0 calculations. Dashed vertical lines are Fermi energies. Dirac points (ED) are 
shown. (a) Pristine, (b) VS, (c) VS2, (c) VC, (d) VC and VS, and (e) VC and VS2. 
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this effect alone decreases the C-pz and Mo-d overlap. For the hydrated 
configurations, the conduction band bottom is slightly downshifted in 
energy between pristine MoS2 and VS configurations, whereas it upshifts 
for VS2 (Fig. 3, S4,). This is in contrast with the systematic upshift of the 
MoS2 conduction band bottom observed for the dry configurations. 
Hydration of pristine MoS2 monolayer causes a minor upshift of the Mo 
conduction band bottom, leading to a small increase in the MoS2 
bandgap (Fig. 2a, Fig. 3a). This is due to increased C-pz and Mo- 
d hybridization, which in turn, widens the minigap. 

For the hydrated configurations under pristine graphene, the mini
gaps widen along with increased VS. This is explained as follows: The 
hydrated VS configuration has a slightly downshifted conduction band 
bottom relative to the pristine counterpart, which increases the C-pz and 
Mo-d hybridization. As the S vacancies increase the conduction band 
bottom upshifts and defect states appear at the Dirac point area. 
Therefore, changes in the minigaps are due to the location of the con
duction band bottom and the presence of defect bands in the Dirac point. 
Interestingly, some of the minigaps have values above kBT (~40 meV at 
T = 300 oK), and thus, could transform the electronic character from 
metallic to a semiconductor-like heterostructure. 

3.2. MoS2/graphene as an HER catalyst 

The MoS2/graphene heterostructure can be evaluated as an HER 
catalysts via calculation of the adsorbed H Gibbs free energy ΔGH using 
Eqs. (2)–(4). Optimally, ΔGH ≅ 0eV. We performed additional DFT 
calculations using the PBE0 functional to obtain optimal geometries for 
H adsorbed on MoS2 and on graphene, using the MoS2/graphene dry 
configurations. In the case that both MoS2 and graphene are pristine, 
hydrogen is found in the center of the MoS2 hexagone for H/MoS2 and 
adsorbed atop on C for H/graphene, in agreement with past reports [22]. 
Specifically, the shortest S–H distance and the C–H distance are 1.42 Å 
and 1.12 Å, respectively for H adsorption on the pristine MoS2/graphene 
surfaces. When S defects are present on MoS2, H is in the center of the 
Mo triangle around the S vacancy, in a similar fashion as in the hydrated 
MoS2/graphene cases, where one of the water molecules is dissociated in 
the vacancy S site. Hydrogen adsorption at the S vacancy sites is stronger 
than adsorption on pristine MoS2. Fig. 5 shows ΔGH for H adsorption on 
MoS2 and graphene, where for both cases, we observe positive and 

negative ΔGH values. For H/MoS2, ΔGH is positive, when MoS2 is pris
tine and negative elsewhere. Specifically, there is an analogous rela
tionship between ΔGH being more negative and the number of S 
vacancies (Fig. 5a). 

For H/graphene, when C vacancies are present, H is absorbed at the 
vacancy site. Hydrogen is adsorbed strongly on C with C–H = 1.07 Å 
and the C-H appears tilted relative to the graphene plane for MoS2/ 
graphene configurations with VC and VC and VS2. This leads to ΔGH =

−2.57 eV for either case. However, for MoS2/graphene with VC and VS, 
C–H = 1.1 Å, the adsorption is atop as in the pristine cases and ΔGH =

−0.52 eV, which is significantly less negative than the other two cases 
examined above. 

We will now explain how the ΔGH can be used to select the optimal 
MoS2/graphene configuration as HER catalyst. In the pristine case, ΔGH 
are 1.89 eV and 0.83 eV for H adsorbed on MoS2 and graphene, 
respectively. Thus, for this case, H adsorption on graphene is preferred 
than on MoS2, in agreement with Biroju et al. [22]. However, the 
presence of S vacancies changes ΔGH from positive to negative. Thus, a 
selection of S vacancies concentration can be used to obtain ΔGH close to 
0 eV, for H/MoS2. This technique has been applied by Tsai et al. for 
selecting the optimal S concentration for 2H-MoS2 [49]. 

3.3. QTAIM and NCI analysis 

QTAIM analysis revealed several S–C bond critical points with low 
electron density values ρ( r⇀) at the order of 10−2 a.u. Table 1 shows the 
average values of the ρ( r⇀) and ∇2ρ( r⇀) at the S–C bond critical points 
and the distances from these bond critical points to the S layer of the 
MoS2 and graphene for the PBE0 calculations. We were not able to 
obtain convergence for the hydrated MoS2/graphene under VS2 and VC 

and VS2. There is an analogous relationship between changes in the ρ( r⇀)

and ∇2ρ( r⇀) for all configurations examined in this section with the 
exception of the dry and hydrated VC and VS configurations. The pres
ence of S vacancies slightly decreases the distance between MoS2 and 
graphene. However, this change of the distance is not correlated with 
changes in the minigap. Table 1 shows that for the configurations 
examined here, the Laplacian is positive and at same order of 10−2 a.u. 
as the electron density. This suggests that S-C bonding is of a closed shell 

Fig. 5. Plot of ΔGH for H adsorption on (a) MoS2 and (b) graphene for each MoS2/graphene configuration. For H adsorption on graphene the ΔGH for VC and VC & 
VS2 configurations are about the same. 
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[50]. The presence of these bond critical points explains why the het
erostructure is stable. 

Fig. 6 shows the molecular graph for the dry pristine MoS2/graphene 
with NCI iso-surfaces and the average ρ( r⇀)S−C vs. ΔE for dry configu
rations. The NCI iso-surfaces in the vicinity of the S–C points denote 

that the S-C interactions are van der Waals, whereas steric interactions 
appear at the center of the graphene rings. We must state that QTAIM 
analysis alone cannot specify if the closed shell S–C bonding is van der 
Waals and this is achieved by the using information from the NCI 
analysis. Fig. 5c shows a correlation between the electron density at the 
S–C bond critical points and the minigap at the Dirac point. Wider 
minigaps of about 60 mV and higher appear for the dry and the hydrated 
configurations with VC and VS and the dry configuration with VC and 
VS2, the latter being the widest. 

We also showed that the MoS2/graphene minigap at the Dirac point 
is correlated with the presence of S and C vacancies and hydration. 

4. Conclusions 

In this work, we showed that the MoS2/graphene minigap at the 
Dirac point is correlated with the presence of S and C vacancies and 
hydration. Specifically, the presence of S and C vacancies increase the 
minigap, whereas increased S vacancies do not always widen it. 
Importantly, opening or closing of the minigap depends on the locations 
of the MoS2 conduction band and the defect states at the Dirac point. 
Hydration increases the MoS2/graphene minigap, when graphene is 
pristine, whereas when graphene is defective no clear trend is observed. 
An optimal HER MoS2/graphene catalyst could be engineered by 
selecting the S vacancy concentrations with ΔGH close to 0 eV. QTAIM 
and NCI analyses displayed that the S–C bonding is van der Waals and 

Table 1 
Multiwfn calculated average values of the QTAIM parameters ρ( r⇀ bcp) and 
∇2ρ( r⇀ bcp) and distances from the S–C bond critical points (bcp) to the S layer of 
the MoS2 and graphene for the PBE0 calculations. Values in parathesis refer to 
the corresponding hydrated cases.  

Configuration QTAIM parameters 

ρ( r⇀bcp) ∇2ρ( r⇀bcp) dMoS2−bcp  dbcp−graphene  
(

× 10−2a.u.
) (Å) 

Pristine 1.11 4.32  1.73  1.41 
(1.15) (4.42)  (1.73)  (1.41) 

VS 1.18 4.52  1.72  1.40 
(1.08) (4.15)  (1.73)  (1.41) 

VS2 1.18 4.49  1.71  1.40 
VC 1.07 4.10  1.74  1.43 

(1.09) (4.21)  (1.73)  (1.43) 
VC & VS 1.30 4.67  1.67  1.49 

(1.15) (4.25)  (1.82)  (1.44) 
VC & VS2 1.24 4.48  1.67  1.49  

Fig. 6. (a) QTAIM molecular graphs and NCI iso
surfaces obtained from the DFT optimized unit cell 
for dry MoS2/graphene using Multiwfn and plotted 
via VMD [51]. Small and large spheres denote crit
ical points and atoms, respectively. Atoms colors are 
as follows: S, yellow; Mo, green; C, carbon. QTAIM 
critical points are colors as follows: nuclear critical 
points purple; bond critical points, orange. Surface 
colors are as follows: Green: van den Waals; red, 
repulsion; blue, attraction. (b) ρ( r⇀)S−C vs. ΔE for 
PBE0 calculations. (For interpretation of the refer
ences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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the average electron density at these points is correlated with the min
igap. Thus, the QTAIM analysis can serve as local density probe to 
describe bond-breaking or bond-making processes directly relevant for 
HER related electrocatalytic processes, making the design of emerging 
electrocatalysts practically feasible expected to lie at the summit of the 
Sabatier plot (so-called volcano plot). 
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